To evaluate whether differences in early nutritional support provided to extremely premature infants mediate the effect of critical illness on later outcomes, we examined whether nutritional support provided to "more critically ill" infants differs from that provided to "less critically ill" infants during the initial weeks of life, and if, after controlling for critical illness, that difference is associated with growth and rates of adverse outcomes. One thousand three hundred sixty-six participants in the NICHD Neonatal Research Network parenteral glutamine supplementation randomized controlled trial who were alive on day of life 7 were stratified by whether they received mechanical ventilation for the first 7 d of life. Compared with more critically ill infants, less critically ill infants received significantly more total nutritional support during each of the first 3 wk of life, had significantly faster growth velocities, less moderate/severe bronchopulmonary dysplasia, less late-onset sepsis, less death, shorter hospital stays, and better neurodevelopmental outcomes at 18 -22 mo corrected age. Rates of necrotizing enterocolitis were similar. Adjusted analyses using general linear and logistic regression modeling and a formal mediation framework demonstrated that the influence of critical illness on the risk of adverse outcomes was mediated by total daily energy intake during the first week of life. (Pediatr Res 69: 522-529, 2011) R ecent reviews describing the growth of hospitalized neonates have demonstrated that nutritional practices are a strong influence and that there is marked practice variation within and between centers (1,2). However, because these reviews were mostly based on retrospective and prospective observational studies rather than from randomized controlled trials, the findings are subject to several limitations. For example, each infant's nutritional management was most likely influenced by the clinical team's impression of the infant's health. It is common practice for infants thought to be healthier, that is more stable or without significant metabolic imbalances or stresses, to be managed differently than infants thought to be less healthy, that is unstable or experiencing metabolic imbalances or stresses. For example, enteral feedings might be initiated earlier or advanced more rapidly from parenteral nutrition to full enteral nutrition in neonates thought to be healthier.
R ecent reviews describing the growth of hospitalized neonates have demonstrated that nutritional practices are a strong influence and that there is marked practice variation within and between centers (1,2). However, because these reviews were mostly based on retrospective and prospective observational studies rather than from randomized controlled trials, the findings are subject to several limitations. For example, each infant's nutritional management was most likely influenced by the clinical team's impression of the infant's health. It is common practice for infants thought to be healthier, that is more stable or without significant metabolic imbalances or stresses, to be managed differently than infants thought to be less healthy, that is unstable or experiencing metabolic imbalances or stresses. For example, enteral feedings might be initiated earlier or advanced more rapidly from parenteral nutrition to full enteral nutrition in neonates thought to be healthier.
This project was developed as an effort to improve our understanding of factors influencing decisions about nutritional support in extremely LBW (ELBW) infants. We hypothesized that early nutritional support provided to "more critically ill" ELBW infants differed from that provided to "less critically ill" ELBW infants during the first several weeks of life. We further hypothesized that the magnitude of early nutritional support provided to ELBW infants plays a role in mediating the effects of critical illness on later outcomes such as growth, age at which nutritional milestones were achieved, and likelihood of death, short-term morbidities, and neurodevelopmental outcomes at 18 -22 mo corrected age.
MATERIALS AND METHODS
This study is a secondary analysis of data collected in the NICHD Neonatal Research Network (NRN) parenteral glutamine supplementation randomized controlled trial (3) performed between October 1999 and August 2001. The institutional review boards of all 15 participating centers approved the trial protocol, and written informed consent was obtained from a parent or guardian of each infant. Of the 1433 ELBW infants enrolled into the glutamine trial, 1366 infants alive on day of life (DOL) 7 comprised the study population. Those infants were stratified by whether they received mechanical ventilation (MV) for the first 7 d of life or not; specifically, more critically ill infants were defined as receiving MV for the first 7 d of life, whereas less critically ill infants were defined as receiving MV for less than the first 7 d of life. This criterion was selected after the data elements available in the study dataset that would adequately reflect severity of illness and that would permit an evaluation of whether the perception of severity of illness influenced early nutritional practices were considered. Because duration of MV was collected, while other measures of illness severity, including the need for inotropic support, were not available in the dataset, MV during the first 7 d of life was chosen to define the degree of critical illness. Appropriate-for-GA (AGA) and small-for-GA (SGA) infants were evaluated separately (Fig. 1) .
Neonatal information collected as part of the glutamine trial (3) included birth weight, GA at birth, gender, race, maternal information, data on nutritional support and growth, respiratory support, clinical outcomes, and treatment. Trained research nurses collected all study data using previously described definitions for clinical conditions, including selected morbidities, until discharge, transfer, death, or 120 d after birth (3) . For this report, bronchopulmonary dysplasia (BPD) was defined using the NICHD/NHLBI consensus definition at 36 wk postmenstrual age (PMA) (4) . Growth velocity (g/kg/d) was calculated from the date of regaining birth weight to 36 wk PMA (5) . Growth measures at 36 wk PMA, including growth velocity, are presented for the subset of infants who remained hospitalized at 36 wk PMA. Early nutritional support was characterized using energy measures (kcal/kg/d) that were calculated, as previously described (6), for parenteral (total, nonprotein, and protein), enteral, and total intake, over three intervals: days 1-7, days 8 -14, and days 15-21. Each of the measures was calculated as the total kcal/kg over the interval divided by the number of days the infant was hospitalized during the interval. Total fluid intake (cm 3 /kg/d) included parenteral and enteral intakes plus all other dextrose containing i.v. fluids and was calculated similarly (7) . Although the initiation of 1.5 g/kg/d of amino acids within the first 24 h of life was encouraged by the glutamine trial (3) procedures, the trial did not specify nutritional practices, and management of nutritional support was left to the discretion of the medical staff at each participating center; large practice variations were observed between, and within, centers.
Follow-up assessments, previously described in detail (8) , were performed at 18 -22 mo corrected age by certified examiners and included a standardized neurological examination, Bayley Scales of Infant Development II-R [mental developmental index (MDI), psychomotor developmental index (PDI)], the Palisano Gross Motor Function examination, structured interviews, and anthropometric measurements. Neurodevelopmental impairment (NDI) was defined as at least one of the following: MDI or PDI score Ͻ70, moderate or severe CP, bilateral blindness, or deafness.
Statistical analysis. A formal mediation framework using the methods developed by Baron and Kenny (9) was used to determine whether early nutritional support mediated the association between critical illness during the first weeks of life and later growth and other outcomes (Fig. 2) .
The advantage of this approach over traditional regression-based statistics is more conceptual than technical, because it allows for testing the plausibility of a presumed causal model using traditional statistical methods. We tested for mediation in this analysis to try to understand the mechanism through which critical illness in the first weeks of life may affect later growth and other outcomes. The following formal steps were used to test for mediation in our presumed mediation model:
Step 1. Establish that critical illness in the first weeks of life is associated with later growth and other outcomes.
Step 2. Establish that critical illness in the first weeks of life is associated with early nutritional support.
Step 3. Establish that early nutritional support is associated with later growth and other outcomes after controlling for critical illness in the first weeks of life.
Separate analyses were performed for AGA and SGA infants. Unadjusted analyses examining bivariate associations for steps 1 and 2 were conducted using the Wilcoxon test for continuous variables and 2 , or Fisher's exact test, where appropriate, for categorical variables. Adjusted analyses for steps 1-3 controlled for potential confounders and covariates, including birth weight, gender, race, antenatal steroids, intrapartum antibiotics, and center, using general linear models (GLMs) for continuous outcomes and logistic regression for binary outcomes (Table 1 ). These covariates were chosen because they were available at birth and might have contributed to the clinician's assessment of illness severity.
To assess step 1, we examined the unadjusted and adjusted association between critical illness during the first weeks of life and a host of later outcomes. Both continuous outcomes (such as growth velocity) and categorical outcomes [such as occurrence of necrotizing enterocolitis (NEC), NEC or death, late-onset sepsis, late-onset sepsis or death, BPD, BPD or death, NDI, and NDI or death] were examined. Next, to evaluate step 2, we examined total energy and fluid intake by degree of critical illness. Finally, step 3 was assessed with the addition of total daily energy intake during days 1-7 of life to the adjusted models in step 1. The models in step 3 were then rerun including an interaction term between the critical illness and energy intake variables. Such a model would allow for the effect of critical illness during the first weeks of life on growth and on other outcomes to be different, depending on early nutritional practices that the infant was exposed to in hospital. For this analysis, growth velocity was analyzed as an outcome for all infants and for the subset of infants reaching 36 wk PMA, including infants transferred/discharged before 36 wk PMA, and BPD levels were collapsed for adjusted analyses into the binary categories of moderate/severe BPD versus none/mild.
All statistical analyses were conducted by the NRN Data Coordinating Center at RTI International (Research Triangle Park, NC) using SAS software (SAS Institute, Inc. Cary, NC.). Statistical significance was indicated by a p-value Ͻ0.05.
RESULTS
Baseline characteristics of the study population separated by critical illness and appropriateness for GA are presented in Table 1 . More critically ill AGA infants (MV days 1-7) weighed less at birth, had a lower GA, were more likely to be male and nonwhite, and were less likely to have received antenatal steroids than less critically ill AGA infants (MV Ͻ7 d). There were no differences between the groups in the proportion of intrapartum antibiotics given. Results were similar for SGA infants, except that there were no differences in gender or in the proportion who received antenatal steroids.
Outcome data by severity of critical illness (unadjusted analyses for step 1 in the mediation framework) are presented in Table 2 . More critically ill AGA infants started enteral feedings later, and reached full feeds later, than less critically ill infants. A higher proportion of more critically ill infants had feeding interruptions for at least 24 h, but there was no definition, infants Ͻ32 GA, survived to 36 wk PMA; not ventilated DOL 1-7: AGA, n ϭ 472; SGA, n ϭ 126; ventilated: AGA, n ϭ 544; SGA n ϭ 57. ‡ Infants hospitalized at 36 wk PMA; not ventilated DOL 1-7: AGA, n ϭ 377; SGA, n ϭ 125; ventilated: AGA, n ϭ 496; SGA, n ϭ 57. § Infants surviving to 36 wk PMA; not ventilated DOL 1-7: AGA, n ϭ 472, SGA, n ϭ 139; ventilated: AGA, n ϭ 544, SGA, n ϭ 59. ʈ Infants followed up at 18 -22 mo corrected age (CA); not ventilated DOL 1-7: AGA, n ϭ 416, SGA, n ϭ 114; ventilated: AGA, n ϭ 458, SGA, n ϭ 47. difference in the incidence of NEC. More critically ill infants also experienced a higher incidence of moderate and severe BPD, intraventricular hemorrhage, and late-onset sepsis; were more likely to be treated with postnatal steroids for pulmonary disease; and were hospitalized longer than less critically ill infants. Furthermore, they grew more slowly and were smaller at 36 wk PMA when compared with less critically ill infants. Among survivors to follow-up, more critically ill AGA infants were more likely to have Bayley MDI and PDI scores Ͻ70, moderate to severe CP, and to be classified as NDI. Results were similar for SGA infants, although follow-up outcomes were not significantly different.
Results of adjusted analyses for step 1 in the mediation framework from the GLM and logistic regression model series for various outcomes are summarized in Table 3 . Among AGA infants, critical illness was independently and significantly associated with slower growth velocity and with significantly increased ORs for all the tested adverse outcomes, except for NEC; late-onset sepsis was of borderline significance (p ϭ 0.075). Thus, growth velocity in the more critically ill cohort was, on average, ϳ2 g/kg/d slower compared with those in the less critically ill cohort. More critically ill infants also had almost 2.5 times higher odds for NDI or death at follow-up. Results were similar for SGA infants, except for growth velocity for survivors at 36 wk PMA, late-onset sepsis, late-onset sepsis or death, and NDI.
Step 2 in the mediation framework is established in Table 4 , in which weekly energy and total fluid intakes for the first 3 wk of life are presented by severity of critical illness. Medians are included for enteral energy measures because of skewness of these data. For AGA infants, all energy measures, with the exception of parenteral protein energy over days 1-7, were significantly different by critical illness status. Specifically, compared with more critically ill AGA infants, less critically ill AGA infants received significantly more nutritional support during the first 3 wk of life. Furthermore, the transition from parenteral to enteral nutritional support was clearly evident among the less critically ill infants. Results were similar for SGA infants. Results from covariate-adjusted analyses using GLMs indicate that critical illness status remained an independent and statistically significant predictor of total energy intake even after accounting for birth weight, gender, race, antenatal steroids, intrapartum antibiotics, and center. Measures for total fluid intake variables were significantly different by severity of critical illness for DOL 1-7 for both AGA and SGA infants and for DOL 15-21 for SGA infants. Adjusted results for total fluid intake were statistically significant only for SGA infants for DOL 15-21.
Results from testing step 3 in the mediation framework, for models containing both the critical illness and energy intake variables, are summarized for AGA infants in Table 5 . The effect of critical illness on the magnitude of the ORs for the tested adverse outcomes was significantly decreased once the total daily energy intake (kcal/kg/d) variable was included in the model (Table 5 ). These analyses indicate that critical illness during the first weeks of life and early nutritional practices are both independently associated with most of the outcomes examined, even after adjustment for several relevant covariates. For example, while the odds in favor of BPD or death increase Ͼ3-fold for more critically ill babies even after adjusting for total energy intake, an increase in total daily energy intake of only 1 kcal/kg/d was associated with a 2% decrease in the odds for BPD or death upon adjustment for critical illness and other baseline factors. Early nutrition practice as characterized by total daily energy intake was thus found to be a significant mediator of the association between critical illness during the first weeks of life and later outcomes.
In addition, although the interaction term for critical illness and total daily energy during days 1-7 of life was not significant for growth velocity, there was significant interaction between critical illness and total daily energy intake during days 1-7 of life for NDI and NDI or death. Thus, the effect of severity of critical illness on neurodevelopmental outcomes depends on the level of total daily energy during days 1-7 of life, with the effect of total daily energy on these outcomes significant for more critically ill infants only (Table 5 ). To Quadratic terms included to test for a nonlinear relationship between nutrition and outcome were NS. * Model includes critical illness variable (ventilated DOL 1-7, yes or no) ϩ total energy variable ϩ covariates (birth weight, gender, race, antenatal steroids, intrapartum antibiotics, and center).
† Model was also run with an interaction term for the critical illness ϫ total energy variable; results for models with nonsignificant (NS) interactions are reported after excluding this term. A significant interaction indicates that the effects of critical illness and nutrition are modified by one another.
‡ ORs are calculated directly from the model parameter estimates using varying amounts of total energy to illustrate the change in the OR as total energy intake increases in the more critically ill. illustrate the significant interaction between critical illness and total energy intake, ORs for critical illness (more versus less) are shown for varying levels of total daily energy intake, and ORs for total energy are shown separately for more and less critically ill infants.
Results from testing step 3 in the mediation framework, for models containing both the critically ill and energy intake variables, are shown for SGA infants in Table 6 . Unfortunately, the sample size was not large enough to include center in the models, and no interaction terms were significant.
DISCUSSION
This retrospective analysis of prospectively collected data confirmed our hypothesis that early nutritional support provided to ELBW infants acts as a mediator of the relationship between critical illness in the first several weeks of life and later growth and other outcomes. Formal mediation steps were used to demonstrate this association. First, we established that critical illness in the first weeks of life was associated with later growth and other outcomes. As shown in Tables 2 and 3 , the severity of critical illness was associated with growth, the age at which selected nutritional milestones were achieved, and rates of death, morbidities, and neurodevelopmental outcomes at 18 -22 mo corrected age.
Second, we established that the degree of critical illness in the first weeks of life was associated with the amount of early nutritional support provided. Specifically, as shown in Table  4 , early nutritional support provided to more critically ill ELBW infants differed from that provided to less critically ELBW infants during the first several weeks of life. Our observation is consistent with reports by other investigators who analyzed early nutritional intake data collected retrospectively in ELBW infants and described that infants, who were later to develop BPD (defined as a "requirement" for oxygen at 36 wk PMA), received significantly fewer calories and less protein in the first week of life compared with infants who did not develop BPD (10) . In fact, that trend was found to have persisted for the first 5 wk of life. Furthermore, because the more critically ill infants received more fluid and less energy than the less critically ill infants during the first 7 d of life (Table 4) , it is possible that the higher fluid intake contributed to the increased incidence of BPD in the more critically ill infants (7, (11) (12) (13) .
Third, we established that the amount of early nutritional support provided during the first weeks of life was associated with later growth and outcomes even after controlling for critical illness during the same time period. Adjusted analyses of growth and other outcomes (Tables 3, 5 , and 6) demonstrated that the effect of critical illness on the risk of adverse outcomes was mediated by early energy intake. Specifically, as total daily energy intake during the first 7 d of life increased in critically ill infants, the OR of such adverse outcomes as NEC, late-onset sepsis, BPD, and NDI decreased by ϳ 2% for each 1 kcal/kg/d of total energy intake. In fact, a significant interaction term for critical illness and total daily energy was noted for NDI and NDI or death. Therefore, we believe that these results provide further evidence of the benefits derived from the practice of providing a combination of early parenteral and enteral nutritional support to critically ill infants and that these analyses demonstrate that management decisions made within the first several days of life may have longlasting effects.
Our finding that early nutritional management mediates the influence of critical illness on the risk of adverse outcomes is consistent with a number of previous reports (6,14 -22) that have demonstrated that aggressive nutritional regimes of early parenteral and enteral nutritional support can be safely provided to critically ill VLBW infants and are associated with improved growth, without increased risks adverse clinical outcomes, specifically NEC. Interestingly, a recent prospective, observational study demonstrated that a risk factor for progression from medical NEC to severe (surgical) NEC was † Model was also run with an interaction term for the critical illness ϫ total energy variable; results for models with nonsignificant (NS) interactions are reported after excluding this term. A significant interaction indicates that the effects of critical illness and nutrition are modified by one another.
never having received any enteral feedings (23) . Inadequate energy intake has been shown to adversely affect head growth and developmental outcomes (19, 20, 24, 25) , and inadequate nutritional support has been correlated with the accumulation of significant calorie and protein deficits, which persist and are associated with poor somatic (26) and head growth (19, 20) . Furthermore, a recent study (22) evaluating the association of intrauterine, early neonatal, and postdischarge growth with neurodevelopmental outcomes at 5.4 y of age in 219 surviving VLBW children reported that overall, only ϳ3% of the variability of the mental processing composite score was explained by growth and that contribution to neurodevelopmental outcome was only exceeded by severe intraventricular hemorrhage and prolonged MV, which accounted for 21% and 13%, respectively.
The strengths of these analyses derive from the large sample size and from the fact that all data, including those describing energy, protein, and fluid intakes, were collected prospectively. Although the age of these data may be a limitation, results from a 2006 neonatal nutrition survey (27) suggest that they are still relevant. The assignment of severity of illness based on the need for MV during the first week of life rather than a validated neonatal severity of illness score, such as the score for neonatal acute physiology (SNAP) (28), the clinical risk index for babies (CRIB) score (29) , or the NEOCOSUR score (30) , is a limitation. However, we believe that continuation of MV for the entire first week of life reflects the clinician's perception of an infant's severity of illness. In addition, although this project was an exploratory, secondary study of randomized, controlled trial data in which many analyses were performed, we chose not to make the level of statistical significance more stringent, but to provide the reader with p-values, which could be used to judge clinical significance.
In summary, practice decisions about early nutritional support provided to ELBW infants seem to be related to perceived severity of illness, as reflected by ventilation status at DOL 7. Significant differences in nutritional support were documented during the first week of life and persisted during the next 2 wk, even after adjusting for birth weight and other potential covariates and confounders. Early, aggressive parenteral and enteral nutritional support was associated with lower rates of death and short-term morbidities and improved growth and neurodevelopmental outcomes. Earlier initiation of enteral nutrition was well tolerated and was associated with an earlier achievement of full enteral nutrition, without affecting the rate of NEC. A formal mediation framework demonstrated that the influence of critical illness on the risk of adverse outcomes was mediated by total daily energy intake during the first 7 d of life.
